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I. INTRODUCTION
U NMANNED Aerial Vehicles (UAVs) particularly multirotors type, receive great attention due to their higher degree of mobility, speed and capability to access to regions that are inaccessible to ground vehicles. However, UAV as a standalone vehicle has limited functionality to the search and surveillance applications. Their distinguished mobility nominates them to be utilized for aerial manipulation. These systems open new application area for robotics such as inspection, maintenance, structure assembly, firefighting, rescue operation, or transportation in locations that are inaccessible, very dangerous or costly to be accessed from the ground.
Research on quadrotor-based aerial manipulation has different approaches, [1] , based on the tool attached to the quadrotor including gripper [2] , cables [3] , [4] , multi-DoF robotic manipulator [5] , [6] , multi-DoF dual-arms manipulator [7] , compliant manipulator [8] , and Hybrid rigid/elastic-joint manipulator [9] .
In the gripper-based approach, the attitude of quadrotor the payload is restricts that of the gripper, as a result, the endeffector has four independent DOF; three translational and one A. Khalifa rotational DOF. The second approach that uses cables suffers from the unexpected motion of the payload. To cope up with these limitations, another approach is proposed in which a a robotic arm is attached to a quadrotor. An aerial manipulator consisting of a quadrotor and a 2-DOF robotic arm is presented in [5] . However, this system has a manipulator with a topology that limits the motion of the end-effector to make an arbitrary position and orientation. This is because the axes of both joints are parallel to one in-plane axis of the quadrotor. Therefore, without moving the quadrotor horizontally, the system cannot do orientation about the second in-plane axis of it.
In [10] , [6] , the authors propose a new quadrotor-based aerial manipulation system in which the manipulator has with two revolute joints whose axes are normal to each other and the axis of the first joint is parallel to one in-plane axis of the quadrotor. Thus, the end-effector is able to reach arbitrary position and orientation without moving the quadrotor horizontally.
In this research, mathematical modeling of the system is presented. The whole system is built and its parameters are identified. Furthermore, experimental setup with a simple solution to the problem of the positioning of the quadrotor manipulation system is introduced taking into consideration the position of the manipulator with respect to the sensors. This solution is based on a combination of several sensors and data fusion. Quadrotor/joint space control is designed and implemented in simulation and real time based on PID with gravity compensation technique. An experimental test is carried out to demonstrate the feasibility and the effectiveness of the proposed approach in the presence of holding a payload.
The main contributions of this article are as follows:
• Implementation and validation of a quadrotor-based aerial manipulator, which utilizes a 2-link robotic arm with a topology that enables the end-effector to track a desired 6-DOF trajectory.
• A solution to the problem of the accurate positioning of the quadrotor manipulation system is introduced.
• An experimental study is conducted to demonstrate system capabilities.
II. PLATFORM DESCRIPTION Fig. 1 shows a 3D CAD model of the proposed aerial manipulator. System geometrical frames, which are assumed to satisfy the Denavit-Hartenberg (DH) convention, are illustrated in Fig. 2 of the first joint, z 0 , is parallel to the quadrotor x-axis. The axis of the second joint, z 1 , is normal to that of the first joint and hence it is parallel to the quadrotor y-axis at the extended configuration. Therefor, the pitching and rolling rotation of the end-effector is allowable independently from the horizontal motion of the quadrotor. Hence, with this proposed aerial manipulator, it is possible to manipulate objects with arbitrary location and orientation.
A. Hardware
The prototype of the proposed system is presented in Fig.  3 . Fig. 4 shows the proposed experimental implementation of the whole connected system with the user interface and measurement system.
A quadrotor, Asctec pelican type [11] , is equipped with 4 rotors with 10 inch diameter, which allow to carry an additional weight of about 650 g. In addition, the quadrotor has a Flight Control Unit (FCU) "AscTec Autopilot" as well as a customized structure enabling one to easily mount different payloads like computer boards, onboard sensors, and the robotic arm with its avionics. The FCU has an Inertial Measurement Unit (IMU) as well as two 32-Bit 60 MHz ARM-7 microcontrollers used for data fusion and flight control. One of these microcontrollers, the Low Level Processor (LLP), is responsible for the hardware communication, an emergency controller, and IMU sensor data fusion. An attitude and GPSbased position controller is implemented also on this processor. The other microcontroller, High Level Processor (HLP), is dedicated for custom code. All relevant and fused IMU data is provided at an update rate of 1 kHz via a high speed serial interface. In particular, this comprises body accelerations, body angular velocities, magnetic compass, height measurement by an air pressure sensor, and the estimated attitude of the vehicle. For the onboard expensive computations, a 1.6 GHz Intel Atom-based embedded computer is used. This computer is equipped with 1 GB RAM, a Micro SD card slot for the operating system, a 802.11n based miniPCI Express WiFi card.
State estimation is a critical issue to achieve position holding during the object grasping/releasing. The available onboard sensor, IMU can only provide the quadrotor's orientation, angular rates, and linear Accelerations. However, one cannot depend on the accelerations to get linear position due to large integration drift for long term motion. Thus, there is a need to an external positioning system which may be range sensors, which are used as following.
For measuring the horizontal position, x and y, an Hokuyo URG-04LX Laser Range Finder is used [12] , see Fig. 5 . It is a 2D laser range finder with a range of 4 m and a field of view of 240 degrees. It has an update rate of 30 Hz with resolution of 1 mm. It is connected to the onboard computer through USB connection such that the high computation processing of laser data can be carried out onboard. This sensor is placed on the top center of the quadrotor.
The vertical position, z, is measured using Ultrasonic Ranging module SRF04 [13] , see Fig. 5 . It is a 1D sonar range finder with a range of 3 cm to 3 m and a resolution of 3 cm. It has an update rate of 40 Hz. It is mounted downward under one of the rotors such that it is not affected by the movement of the manipulator, so one can avoid the sensor misreadings. The data from this sensor is acquired and processed by using an Arduino board [14] which is connected to the onboard A lightweight manipulator that can carry a payload of 200 g and has a maximum reach in the range between 22 cm to 25 cm is deigned. The arm components are assembled such that the total weight of the arm is 200 g and has a payload capacity of 200 g [15] .
The arm components are: Three DC motors; HS-422 (Max torque = 0.4 N.m) for the gripper, HS-5485HB (Max torque = 0.7 N.m) for joint 1, and HS-422 (Max torque = 0.4 N.m) for joint 2. Motor's Driver (SSC) which is used as an interface between the main control unit and the motors. Wireless (Play Station 2) WPS2 R/C is used to send commands to manipulator's motors remotely. The manipulator structure component are; Aluminum Tubing -1.50 in diameter, Aluminum MultiPurpose Servo Bracket, Aluminum Tubing Connector Hub, and Aluminum Long "C" Servo Bracket with Ball Bearings [16] . An Arduino board (Mega 2560) is utilized as an interface between the low level peripherals (such as ultrasonic sensor, PS2 wireless receiver, and motor driver (SSC)), and the onboard computer.
The Power management system is set up as follows. A 11.1 V Li-Po battery is used to power the motors and the electronics on board. A voltage regulator circuit is used to convert this voltage to 5 V DC to power the manipulator motors and its avionics. The Hokuyo sensor, Ultrasonic sensor, and the Arduino board are powered by the 5 V from the USB port of the onboard computer. A low voltage detection is implemented in the quadrotor making it lands once the battery voltage drops below 8 V.
A computer, joystick, and Futuba R/C are used as a ground station. It allows a user to teleoperate the system such as visualization, sending commands, and emergency recovery.
In this work, a position controller and the position data fusion algorithms are implemented on the HLP, based on the Hokuyo and Ultrasonic sensors input from the onboard computer and the inertial data provided by the LLP. On the LLP, the attitude controller is used as inner loop.
B. Software
An Ubuntu Linux 12.04, with Robot Operating System (ROS) framework (fuerte version) [17] , is installed on both the onboard computer and the ground station computer.
Since multiple different computation subsystems (PC, Onboard computer, autopilot board, and Arduino board) are used, which need to communicate among each other, the ROS is used as a middle-ware. This also enable us to communicate with the ground station over the WiFi data link for monitoring and control purposes. In addition, the ROS framework has the essential drivers and software for processing the data from the Hokuyo sensor to find the horizontal position.
The algorithm on the HLP is implemented based on a Software Development Kit (SDK) that provides all the communication routines to allow us to send/receive the low level commands/measurements to/from the LLP. This algorithm is used to implement the data fusion algorithm and the position control. A C++ software (i.e., packages and nodes) is developed under ROS to manage and process data among the computers systems.
A program is implemented on Arduino board based on a C++ Arduino IDE to acquire and process data from the sonar to get the vertical position. In addition, it receives the manipulator's commands from the WPS2 and sends the control signal to the motor drivers.
III. MATHEMATICAL MODELING
Kinematic and dynamic models of the proposed system have been presented in [10] . In this section, they are reviewed. T , while its orientation is given by the rotation matrix R b :
A. Kinematics
T is the triple ZY X yaw-pitch-roll angles. Note that C . and S . are short notations for cos(.) and sin(.) respectively.
Let Σ e , O 2 -x 2 y 2 z 2 , is a frame attached to the end-effector of the manipulator, see Fig. 2 . Thus, the position of Σ e with respect to Σ is given by
where the vector p b eb describes the position of Σ e with respect to Σ b expressed in Σ b , and it can be found from fourth column of the total transformation matrix between Σ e and Σ b . The orientation of Σ e can be defined by the rotation matrix
B. Dynamics
Each rotor-assembly j has angular velocity Ω j and it generates thrust force F j and drag moment M j that are given as
where K fj and K mj are the thrust and drag coefficients. The dynamical model of the proposed system can be written as follows
where
T is vector of the actuator inputs, B = HN is the input matrix which is used to generate the body forces and moments from the actuator inputs. N is given by:
is the distance between the quadrotor center of mass and rotor rotational axis, and H is (8×8) matrix that transforms body input forces to be expressed in Σ and is given by
and T b is given by
C. Identification
This section aims to estimates the parameters of the system. The identified parameters include the structure parameters (e.g., mass, geometrical parameters, and mass moment of inertia) and rotor assembly parameters (i.e., K fj and K mj ). The structure parameters can be obtained from the 3D-CAD model developed in SOLIDWORKS. To estimate the rotor parameters, an experimental setup is carried out, see Fig. 6 . In this study, the rotor is mounted on a 6-DOF torque/force sensor. Then this sensor is connected to a NI Data Acquisition Card (NI DAC) that is connected to a PC, running SIMULINK program as an interface, to read data from DAC. The velocity of rotor is changed gradually, and in each time, the generated thrust and drag moment is measured and recorded using SIMULINK program. By using MATLAB Curve Fitting toolbox the acquired data of thrust and moment is fitted to be in the form of (4 and 5) io order to get the thrust and moment coefficients. Fig. 7a (7b) shows the relationship between generated thrust force (drag moment) and the squared rotor speed. To measure the efficiency of data fitness, the Root Mean Squared Error (RMSE) of the curve fitting is calculated, which is 0.3378 for the thrust relation and 0.003742 for the moment relation. Table I presents the identified parameters. 
IV. LINEAR POSITION AND VELOCITY ESTIMATION
Position holding is one of the most important factors to achieve the accurate aerial manipulation. The accurate measurements are crucial for implementing the position holding. In this section, the proposed state measurement/estimation scheme, which will be used to find the system states, is described. The state estimation system is presented in details in Fig. 8 .
On the LLP, there is a data fusion algorithm to find the quadrotor orientation at rate of 1 kHz. In addition, the IMU itself can provide the angular rates directly. Thus, both the angular position and velocity of the quadrotor are available. The position measurements are obtained by using the laser and ultrasonic sensors. Since this process is slow (about 30 Hz) compared to the motion of the quadrotor (quadrotor dynamics have high bandwidth 1kHz), this information is fused with inertial sensor data (body accelerationsp The horizontal position from the laser range finder sensor can be obtained by using the method presnted in [18] . The vertical position from the ultrasonic sensor is obtained by using an ultrasonic sensor. The ultrasonic sensor is connected to the Arduino board. The sonar signal is transmitted and the echo of it is received. By measuring the time of signal traveling, one can calculate the distance (s z ) that is the vertical height of the sensor. However, the calculated distance must be compensated due to the roll and pitch rotations of quadrotor by z = s z cos(φ) cos(θ).
Therefore, the measured horizontal position and vertical position (at rate of 30 Hz), and the angles and linear accelerations (at rate of 1 kHz) are available now. However, the 6-DOF measurements rate are required to be high enough to enable Fig. 9 : Block diagram of the control structure a high update rate in the position control loop to match the quadrotor's system dynamics. Thus, these measurements must be fused to achieve this high rate. The filter is designed and decoupled for all the three axes x, y, z in the world inertial frame. The body-fixed accelerations,p b b , are rotated in the global frame by the rotational matrix, R b , based on the attitude angles provided by the LLP, as
where g r is the acceleration due to the gravity. The filter is based on a Luenberger observer [19] . In the following, only the filter for the x-axis is described and and thus it can be applied for the other axes accordingly. The filter uses the position, p b,x , speed,ṗ b,x , and the acceleration sensor bias, b x , as the states. The acceleration expressed in the world frame is the system input. The measurement is the position sensors' readings, p s,x , from the Laser (for x and y) or Sonar (for z). Let us define the state variable as X obs = [p b,xṗb,x b x ] T , U obs =p x , and Y obs = p s,x . Then, the observer state equations can be written aṡ 
The output of this position filter is the linear position and velocity of the vehicle at update rate of 1 kHz.
V. CONTROL DESIGN FOR THE EXPERIMENTS
In this section, the real time control system is presented. Fig. 9 shows the control structure. The quadrotor is has only 4 independent control inputs and 6 DOF have to be controlled. Consequently, the position and yaw angle are usually the controlled variables, while the pitch and roll angles are utilized as intermediate control inputs to control horizontal position. For position control, a cascade structure is used. As inner loop, the well tested attitude loop provided by the LLP of the FCU is used. The outer loop is the position loop, and it is implemented on the HLP based on the concept of PID control with gravity compensation as follows.
where G p is the gravity term of the translational part in the dynamic equation of motion (6) and it can be obtained as G (1 : 3) . K p , K d , and K i are PID tuning parameters, and p br andṗ br are the reference position and velocity, respectively. The sent command, p bc , needs to be smooth such that its second time derivative exists. Therefore, linear reference models are used to generate the reference trajectories, p br , computed in the Σ and given bÿ
The reference dynamics can be set by the natural frequency ω n and the relative damping ζ. For the controller presented in this paper, the damping is set to 1 in order to ensure a periodic behavior and the natural frequency to 2.5. Roll and pitch commands are generated from the outer loop as reference to the inner attitude controller in order to reach and maintain desired y and x position, respectively. Thrust commands are generated by the outer controller to control the height by sending desired thrust values. The desired values for the intermediate controller, θ r and φ r , are obtained from the output of position controller through the following relation
This relation is derived from (1) based on the small angle approximation of the roll and pitch angles. For the manipulator joints' control, the built-in position sensor with a PID controller is used. Since the dynamics of the manipulator is simple, one use this built-in controller as a first test. If it does not provide required performance, design another advanced controller will be designed. The simplicity in the manipulator dynamics comes from the lightweight and slow motion of the manipulator parts.
VI. SIMULATION RESULTS
This proposed control strategy is applied in simulation MATLAB/SIMULINK program to the model of the considered aerial manipulation robot. In order to make the simulation environment to be quite realistic, a normally distributed measurement noise, with mean of 10 −3 and standard deviation of 5 × 10 −3 , has been added to the measured signals. In addition, one can use the parameter obtained from the experimental identification that is presented previously. The controller parameters are presented in Table II . These parameters are tuned to get a satisfactory response.
The simulation results are presented in Fig. 10 . In this figure, the target position is assumed to be in the direction of the x-axis of quadrotor, and the object (with weight of 50 g) is attached to the end-effector gripper before starting the operation. During the vehicle taking off, by sending a positive position command in the z direction until it is reached at suitable height, see Fig. 10c . To move towards the target position, in which one have to place the carried object, a command is sent in the x direction, see Fig. 10a . Meanwhile, a ramp command is sent to the manipulator's motor of joint 2, θ 2 , see Fig. 10f , to prepare the arm for releasing the object. As soon as the target position is reached, z command is sent to put the end-effector near to the destination point, then a command is sent to open the gripper to release the object. After object releasing, a command is sent in the x direction to go back to the starting point again. These results show the feasibility and efficiency of the proposed system. These results will be verified experimentally in the next section.
VII. EXPERIMENTAL RESULTS
In this section, experimental results of the proposed system are presented and discussed. The objective is to transfer an object in a teleoperation mode. The target object, to be transferred to another place, has a weight of 50 g which will be attached to the gripper at the start of system operation. Controller parameters for Experimental tests are given in Table III . Fig. 11 presents photos from the experiment that is divided into six phases; starts from taking off with the object attached to the gripper, moving to the destination, then reaching at the target position, releasing the object by achieving position holding, moving towards the home position, and finally, reaching the home position.
The real experimental data is recorded in the ground station through the ROS framework and the WiFi connection. Fig. 13 show the estimated sensor bias. Unfortunately, we do not have ground truth accurate enough for these experiments. Therefore, we can only evaluate the plots qualitatively. What can be observed is that the filter converges after approximately 1 s. Fig. 12 presents the experimental results for the system position. The manipulator joints commands are sent using WPS2 controller assuming that the built-in controller is good enough to track accurately the sent commands. To start the mission, see Fig. 12c , a z command is sent to take off. During the vehicle taking off, a small drift occurs in the x, y, z, and ψ directions which are quickly recovered due to the position holding at the starting point. After taking off, the vehicle moves in x direction towards the target place, see Fig. 12a , till reaching the target point at which the position holding is activated. At this point, a command is sent to the gripper to open and release the object. After releasing the object, the vehicle returns to the starting point, then a z command is sent until the platform becomes at height suitable to the base station. In Fig. 12d , as it is planed, there is no any command in ψ direction, and consequently there is almost no rotation around z. Since, the required task is simple, only a ramp command is sent to θ 2 to ease the object placing task, and pi/2 (initial value of θ 1 ) command is sent to the manipulator θ 1 , see Figs. 12e and 12f.
To evaluate the controller performance a Root Mean Squared (RMS) error is calculated for each coordinate as shown in Table IV . It can be observed that the RMS error in the z-axis is higher than in the x-axis. This is because of the sonar which is affected significantly be the system vibrations and has lower resolution (i.e., 3cm).
These results prove the feasibility and a satisfactory efficiency of the proposed system, state estimation scheme, and the control algorithm. However, they show that the control algorithm for position control needs improvements in the future work by using robust estimation control techniques. Moreover, the sonar can be replaced by more accurate sensor to avoid oscillations in the measurement of z position (see Fig.  12c ). This paper presents a successful application of new quadrotor manipulation system which has several features over the current developed aerial manipulators. System description and modeling, including kinematics and dynamic models, are presented. System Identification is carried out in order to find the system parameters. A simple and satisfactory efficient state measurement and estimation scheme is presented. A control algorithm for the linear position tracking is designed and implemented based on the PID with gravity compensation. This is demonstrated in both simulation and experiment with a scenario consisting of taking off with an object, moving, and releasing it at a desired position. Both simulation and experimental results demonstrate a satisfactory performance. However, as a future work, the position control algorithm need more improvements to achieve higher accuracy and robustness.
